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Abstract:
6-Thioguanine (isG) has been used for the past thirty years as an anti-cancer agent
in maintenance chemotherapy for childhood acute lymphoblastic leukemia as well as
acute myeloid leukemia. Despite its long-standing clinical use, little is understood of the
molecular basis of the cytotoxicity associated with 6SG. Research has shown that 6SG is
incorporated into DNA during replication after which it may exert its cytotoxicity by
inducing rapid mutation or by affecting DNA-protein interactions. 6SG has also been
shown to impair HIV replication by inhibiting HlV-l reverse transcriptase and to inhibit
human telomerase activity. To further understand the structural changes associated with
DNA duplexes containing 6SG and its metabolite methyl-6-thiogua.n.ine ( Me6S G), we have
studied and compared the thermodynamic properties of the 11 base pair duplex
dCCGTIAGATGCC)eCGGCATCTAAGC) to duplexes in which the central G residue is
replaced by either 6SG or Me6SG using temperature dependent UV -Vis experiments.
Results suggest that duplexes with 6SG are very similar in stability to those containing
nonnal G while the duplexes with Me6SG are considerably destabilized compared to G or
6SG.
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In troduction:
6SG

is a widely used and a clinically accepted metabolic inhibitor with known

antitumor, antineoplastic, and immunosuppressive activity (2,8, 10, 15) Clinically,
virtually all major protocols for treating average or low risk acute lymphoblastic
leukemia (ALL) and acute myeloid leukemia (AML) have included a core component of
maintenance therapy which prescnbes daily doses of 6S G or 6-rnercaptopurine (6MP), an
analogue of 6s G that is metabolized in the same way (2). Along with several other DNA
base analogues (Fig 1), 6SG was discovered in 1951 by Gertrude B. Elion and due to the
evidence that 6MP and 6SG could produce complete remission in children with ALL, the
drug was approved by the Food and Drug Administration barely two years after its first
synthesis (8).
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Figure 1: Some of the DNA base analogues developed by ElioD

In addition, the related prodrugs azathioprine (AZA) and 6MP have also been used as
immunosuppressants in preventing rejection of transplanted tissue as well as in the
treatment of inflammatory bowel disease (7, 15) and psoriasis (18).
Despite its use for over three decades, the mechanism by which 6SG exerts its
cytotoxicity is not fully understood. Ta date it is known that incorporation a[ 6S G into
DNA of replicating cells is essential far its activity as an antimetabolite and metabolism
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of AZA and 6MP has been shown to be mediated through their conversion to 6
tbioguanosine triphosphate ( 6sGTP) and subsequent incorporation into DNA by the action
of DNA polymerase (Fig. 2) (12).
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Figure 2: Pathway for the metabolism of6MP to 6SG. HPRT, hypoxanthine
phospboribosyltransferase; IMPD, inosine monopbosphate dehydrogenase; GMPS,
guanosine monophosphate synthetase; RR ribonucleotide reductase; Kinase 1,
pbosphoribosylpyrophosphorylase.

Upon incorporation into DNA initial suggestions are tllilt the larger Van der Waals radius
and reduced electronegativity of sulfur, (and bence longer C=S bond) considerably
weaken the normal Watson-Crick hydrogen bond interaction between 6SG and C leading
to distortion of the DNA helical structure (4). And similar to guanine, a number of
different tautomeric forms are possible. Infrared experiments carried out at 12 K (10) as
well as theoretical calculations (21) have shown that the arnino-thiol (N9H, Fig. 3-1)
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is the most stable tautomer of isolated 6SG in hydrophobic environments and it was
shown to exist in almost equal equilibrium with another amino-thiol (N7H, Fig. 3-2).

1

2

Figure 3: Most stable tautomers of isolated 6SG by experiment in hydrophobic
environment at 12 K. Also obtained by calculation.

This observation may support other evidence that 6SG in duplex DNA may encode
equally for C or T during replication (12) as amino-thiol tautomers allow for a more
stable three hydrogen bond interaction with T (Fig. 4).
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Figure 4: Base pairing ofamino-thiol tautomer with C (1) and T (2).

This 6sG-T mismatch was thought to be a major contributor towards the DNA damage via
recognition of the mismatch DNA repair proteins (11) or through subsequent single base
point mutations after several rounds of DNA replication (Fig. 5).
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Similar to

6SG, Mc6S G

•

Me06S G

is known to code equally for T and C during replication and is thus

generally believed to produce the same effects as

6SG.

Recent work has revealed that

proteins of the postreplicative repair system recognize and bind to
sequence specific manner (23). This in turn may suggest that the

Me06Sa--C

Mc6Sa--C

base pairs in a

base pair alone

changes the structure of duplex DNA enough to lead to mismatch repair errors and the
miscoding ofT may not be a required step for observed cytotoxicity in the case of Me06SG.
Thus, the structural changes in the DNA containing 6SG or

Me6SG

are important for

the interactions that produce the observed clinical effect, and understanding the specific
nature of these changes may provide an insight on how

6S G

and its prodrugs exert their

effect. The goal of this project was thus to obtain a thennodynarnic characterization of
DNA oligonucleotides that have

6SG

and

Me06SG

incorporated at a specific site and

compare them to corresponding oligonucleotides with G in the same position. The
synthesis of oligonucleotides with modified bases at predetermined sites has been
described (5,6). The DNA of choice was obtained by positioning the 6SG in the center of
a non-selfcomplementary 11 base pair strand (shown below) to give a single full helical
turn, which gives a good initial working model for understanding DNA containing 6SG.

5' d(CGTTAG*ATGCC)

3'
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Having a non-selfcomplementary model ensures that only one duplex adduct is fonned.
Strands were synthesized and duplexes were formed for all the possible pairings of &C,

&T, 6S&C, 6sGeT, Me6S&C and Me6SGeT.
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Materials and Methods:
General:
Reagents were used as obtained from Fisher Scientific with the following
exceptions. Pbospboramidite and DNA synthesis columns were obtained from Glen
Research. l-Amino-2-napbthol-4-sulfonic acid (technical grade), p-toluenesulfonic acid,
(NlL)~o7Ch4-4H20 and

Na2S03e7H20 were obtained from Eastman Organic

Chemicals. Solutions were made using deionized water from a MilliQ purifier.

Synthesis ofOligonucleotides:
Synthesis of oligonucleotides was carried out on a 1.0 or 2.5 ,umole scale using an
Applied Biosystems PCR-MATE 391 DNA synthesizer. The synthesis of DNA
sequences with modified bases at predetermined sites has been well documented (5,6)
and 6-thioguanosine phosphoramidite was purchased from Glen Research. Strands
synthesized by phosphoramidite methods are shown below.

5' d(CGTIAGATGCC)

3'

1

5' d(CGTTA6S GATGCC)

3'

2

5' d(GGCATCTAACG)

3'

3

S' d(GGCATTTAACG)

3'

4

Oligonucleotides were cleaved from the column by incubation with conc. NlLOH (50

roM NaHS in cone. NlLOH for oligonucleotides containing 6SG) at 25°C for 10 min
(quick-deprotect column) or 30-45 min (standard column). Complete deprotection of all
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functional groups was achieved by further incubation at 55°C for 4-6 hr (or at 25°C for
12-l6hr). Methylation of 6S a was done using methyl iodide (85,uM DNA, 6 eq. ofC~I,
6 hr, 25 °C, unbuffered) to obtain 5 from 4.

5' d(CGTTAMe6S GATGCC)

3'

5

Overall yields for DNA syntheses were 83-88% as determined by UV-Vis analysis of
trityl cations at 595 om. Yields for 2 were lower compared to DNA without

6S G

due to

the lower coupling efficiency of the 6SG phosphoramidite. Duplex formation was done by
mixing estimated molar equivalents of the appropriate strands at room temperature.

Purification:
Initial purification of single strands was done using a Sephadex G-25 gel filtration
column (100 nun x 18 mm) by eluting 1 mL of ONA solution with H20. Fractions from
gel fIltration were purified using ion exchange high performance liquid chromatography
(HPLC) on a Waters Gradient Controller with a Dionex Chromatography DNAPac PA
100 column (9 rom x 250

rnm. quaternary amine functionality on non-porous resin

support), NaCI gradient (Tables la and b) in 10% ACN, 0.025 M Nl-LOAc pH 6.8, flow
rate 5.0 rnL/min and morritored by UV detector at 26Onm.

Table 1: Gradient for Purification of single strands.

a.

Time/min

%A

%B
0
40
100

0

100

30

60

35

0
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b.

c.

Time/min

%A

%B

0
20
30

75
50
0

25
50
100

Time/min

%A

%B

0
30
40

100
50
0

0
50
100

Table 1: (a) Gradient used to purify non-methylated strands, (b) gradient for
methylated strand., (c) gradient for purification of duplex DNA. Buffer A: 0.025
M Nt40Ac (pH 6.8) in 10% ACN Buffer B: 1.0 M NaCI, 0.025 M ~OAc (pH
6.8) in 10% ACN

Since the desired 11 mer was the longest fragment, it eluted last off the column (21-23
min) and thus collection was easy and purification was done with virtually no further loss
of the product. Fractions from ion exchange HPLC were then lyophi1ized followed by
resuspension in water and final desalting oftbe DNA samples by gel flItration (Sephadex
G-25 column, 100 mm x 18 mm.. 1 rnL DNA solution). DNA samples were lyophilized

and resuspended in a final volume of 500 pL water (15 mM OTT solution for strands
with 650) for storage. Samples containing 6S0 or Me6SG were stored in 10 rnM
Dithiothreitol (OIT) to prevent oxidative loss of sulfur.

Qualitative Analysis of S5 DNA:
Purity of the synthesized oligonucleotides was estimated by running analytical

HPLC on a Dionex Chromatography DNAPac PA-IOO column (4 mm x 250 nun).
GradientS identical to those used for purification were employed with the flow rate
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reduced to 1.0 mL/min. Samples were estimated to be 90-98% pure (disregarding the
lower extinction coefficients for the shorter fragments).
Stability of strand 5 containing Me6SG was monitored over time and in different
environments by taking -5 DIDole amounts and analyzing them by HPLC at 24 br
intervals. Conditions investigated were: (a) stability in water solution at 25°C, (b)
stability in 10 roM DIT solution at 25°C and (c) stability after heating and cooling cycle
(25-70 °C over -20 min). Strand 5 was also characterized by mass spectrometry on an
Agilent Quadrapole Ion Trap SL (infusion mode, electrospray ionization, negative ion
mode, scan range 200.00 rn/z to 2200.00 m/z, 5 spectra averages).

Quantilation ofDuplex DNA:
Duplex DNA for van't Hoff analysis was quantitated by molybdate phosphate
analysis using a modification of the method developed by Griswold et al (9). DNA
duplex, about 2 nmole was hydrolyzed by incubating in 36 N H 2 S04 , (ISO pL acid and
total volwne made up to 3oo;A.- with H 20) at 200°C for IS min. After cooling to room
temperature, 0.5 mL of 2.5% molybdate solution was added followed by 1.0 mL of
l-amino-2-naphthol-4-sulfonic acid solution (4.5 roM acid. 15.9 roM Na2S03, 0.59 M
NaHS03) and volume was made up 5.0 rnL with H2 0. The mixture was heated at 100°C
in a water bath for 10 min and after cooling to room temp, volume was readjusted to 5.0

rnL then absorbance measured. at 820 ron. Absorbance was compared to a standard curve
generated using K.H2P04 standard solutions, which were given the same treatment as the
DNA samples.
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Results and Discussion

DNA oligonucleotides containing 6SG and

Me6SG

were synthesized by

pbosphoramidite methods as previously described (5, 9). Purification was done using ion
exchange HPLC and duplexes were made by mixing appropriate single strand solutions.
To compare the thermodynamic properties of DNA containing the modified base to that
with nonnal G residue, identical duplex sequences differing only in the central base pair

were used in temperature-dependent UV-Vis study to determine melting temperatures as
well as van't Hoff thermodynamic parameters. Results indicate that DNA
oligonucleotides were successfully synthesized and were stable under the conditions used
for the thermodynamic studies.

PurifiCiltion ofDNA oligonucleotides
The analytical HPLC trace for DNA single st::rands before purification in shown in
Fig. 8 for strands 1 and 2. Traces show that the syntheses were relatively efficient at each
coupling step as very little of the shorter strands is observed in the two traces shown.

Traces for the purification of single strand are shown in Fig. 9 and the DNA fraction
collected for analysis is indicated (circled). The purification trace for strand 2 shows that
there is a significant amount of 5-mer in the crude DNA indicating the fact that coupling
oftbe 6SG phosphoramidite is not as efficient compared to unmodified bases. Also a peak
is observed at 33 min, indicating the presence of disulphide bridged DNA strands.
Addition of 15 mM OTT to the DNA solutions reduces the disulphide bridges leading to
the absence of 33 min peak in HPLC trace. Similar, but smaller peaks are observed in the
other HPLC traces but these may be due to weak iQ.teractions between two identical (noo
complementary strands.

22

.
~

.

.. ..

~::

..•.

(

"

.

a

"
'""

.

y.

"

T

."

b

Figure 8: Analytical ion exchange HPLC traces of absorbance (260nm) vs. time (min) for
unpurified oligonucleotide single strands. (a) strand 1 and (b) strand 3. Both traces were
obtained using linear gradient ofNaCI (Table la)
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gradient ofNaCl (Table la)
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Figure 9: Purification of single strands by ion exchange HPLC. Absorbance (26Onm) vs.
time (min) for (c) strand 3 and (d) strand 4. Both traces were obtained using linear
gradient ofNaCl (Table la)

Analytical traces for the purified single strands are shown below (Fig. 10). Traces
indicate the purification was quite efficient and the oligonucleotides obtained had greater
than 90% pure single strands.
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Figure 10; Analytical HPLC traces of purified oligonucleotides. Absorbance (26Onm) vs.
time (min) for (a) strand 1 and (b) strand 2. Both traces were obtained using linear
gradient ofNael (Table la)
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Figure I0: Analytical HPLC traces of purified oligonucleotides. Absorbance (26Onm) vs.
time (min) for (c) strand 3 and (d) strand 4. Both traces were obtained using linear
gradient ofNaCI (Table 1a)

Synthesis ofoligonucleotide with

Me6SG

Synthesis of strand 5 was done by methylating the centra!

6SG

residue in 2 using

CH31 in water solution at room temperature to prevent methylation of the 0 in G residues.
Initial experimental conditions were obtained from previous syntheses of Me6SG (19).
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Optimization of the experimental conditions was done by varying concentration of eH3I
as well as the time ofreaction (Fig. 11).
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Figure 11; Methylation experiment of -2 nmole DNA at 85 j.8vf with different
concentration ofCHJ!. (a) 85 mM, (b) 850 j.J M, and (c) 450 j.J M. Reactions were
carried out at 25°C in unbuffered water solution. Traces were obtained at -10 min
after reaction start.

Results indicate that methylation depends on the concentration of the methylating agent
CH3I. At low concentrations (-5 eq. Fig. lie) two main peaks are observed
corresponding to 5 in which only the S6 position on 6SG is methylated. At higher
concentrations however (10 and 100 eq., Fig. Iia and b), more peaks are observed
suggesting that methylation may be less selective at higher CH31 concentration or that
DNA may be undergoing other complicated reactions with CH3I. Thus reactions were
done using 6 equivalents of CH31 to optimize both yield and rate of methylation.
The methylation reaction was monitored over time to determine the optimal
amount of time for obtaining maximum methylation without promoting methylation of
the 06 position in G residues (Fig. 12).
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a

5

0

~:

b

Figw-e 12: Analytical HPLC traces for optimizing the reaction time for methylation of 6s G
by CH31, 25 °C unbuffered water solution. (a) reaction (Fig lIe) after 4 hr, NaCI
gradient Table Ib and (b) reaction after 7 hr, NaCI gradient 70:30 to 55:45 in 20 min.
Oligonucleotide 5 was then purified (Fig. 13a) and an analytical trace of the purified
oligonucleotide shows that it is more than 95% pure single strand (Fig. 13b).
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Figure 13: (a) purification of5 by ion exchange with NaCI gradient (Table Ib) and (b)
analytical HPLC trace of the purified DNA.

Stability o/strand containing MdSG residue
Earlier studies have shown that both 6SG and

Mc6S G

can undergo oxidative loss of

sulfur when incorporated in DNA oligonucleotides (6). Storage of 2 with 10 ruM DTT
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has been used by Stephen Dunham before for stabilization of the 6SG residue, but no
previous long-term storage of 5 had been done. Stability of 5 was monitored over time as
well as under different storage conditions. Fig. 14 shows DNA stability when stored in
water solution at room temperature. A lower charge fragment appears in small quantities
at days three but by day 10, several fragments were observed indicating that the strand
undergoes some degradation, possibly oxidative loss of sulfur. Fig. 15 shows stability
when 5 was stored in a reducing solution of 15 roM DTT. Virmally no degradation is
apparent at day 10. Fig. 16 shows stability after heating in unbuffered water solution
(20°C to 60°C). Significant degradation is observed and this may be due to both
oxidation of the S6 position and thermal decomposition. Heating and cooling of duplex
DNA io phosphate buffer with 10 roM DTI (used in melting experimentS') produced no
apparent degradation of the DNA (data oot shown).
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Figure 14: Stability ofS stored in water solution at (a) 3 days and (b) 10 days of storage at
room temperaru.re. Ion exchange HPLC traces obtained using NaCl gradient (Table lb)
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a

b

f'
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Figure ]5: Stability ofS stored in DIT (J 5 mM) solution at (a) 3 days and (b) 10 days of storage
at room temperature. Ion exchange HPLC traces obtained using NaCl gradient (Table Ib)
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Figure 16: Stability of 5 at elevated temperatures. (a) 25 °C and (b) after heating
to 60 °C and cooling to room temperature in unbuffered water solution. Ion
exchange HPLC traces obtained using NaCl gradient (Table 1b)
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Cha,aeterizotWn ofstrand contilining J{~6S G residue

Figure 16 shows the electrospray, negative ion mode mass spectrum of S with a
base peak at m/z = 1119.3 (calculated value for M3- = 1119.8). This confirms the identity
of the synthesized sequence as resulting from methylation only at the 56 position and not
at multiple places.
,..---_.

-.-
M3- -3H

/
1500
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Figure 17: Negative ion mode electrospray mass spectrum ofS.

Duplex formlltion and purijiclltilm

The formation of duplex DNA was done by estimating molar equivalents of the
appropriate single strands and mixing them at room temperature for five minutes. In some
cases duplex reaction mixture was warmed to 60°C and then allowed to cool slowly to
room temperature to speed up the association. Duplex. DNA was purified using ion
exchange HPLC and analytical traces show over 90% pure DNA (Fig. 18).
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Figure J8: Analytical HPLC traces of purified oligoDucleotide Duplexes. (a) t -3 and (b)
2-3. Both traces were obtained using linear gradient ofNaCl (Table Ie)
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Figure 18: Anatytical HPLC traces of purified oligonucleotide duplexes. (c) 1-4 and (d)
2·4. Both traces were obtained using linear gradient ofNaCI (Table 1c)
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Figure 18: Analytical HPLC traces of purified oligonucleotide duplexes. (e) 5-,3 and (t)
5-4. Both traces were obtained using linear gradient ofNaCI (Table Ie)
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Determination ofduplex DNA concentratWn:
Concentration of DNA duplexes for van't Hoff analysis was detennined by a
modification of the method suggested by Griswold et. a1. (9). The suggested method uses
perchloric acid for digestion of organic samples followed by a quenching of the acid
before the phosphate analysis is done in mild acid (9). Instead, concentrated sulfuric acid
was used for digestion at microliter quantities and the solution was then diluted to reach

the desired volume and concentration of acid for phosphate analysis without quenching
of the digesting acid..
The method utilizes the moderately selective reducing solution of l-amino-2
naphthol-4-sulfonic acid solution (in a Na2S0y NaHSO J buffer) in the presence of
sulfuric acid to promote the formation of a relatively intense blue phosphorous complex
ofmolybdenu.rn, which can be easily monitored by UV-Vis at 820-830

DID.

Fig. 19 below

shows a typical standard curve for phosphate standards that were treated exactly the same
way as DNA samples.
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Figure 19: Standard for concentration detennination using molybdate phosphate analysis.
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Concentrations were detennined as an average of two values obtained independently
using two different standard curves. Values are reported as means with standard deviation
as determined by analysis of standard curve using least squares error analysis as well as
variance in the average obtained from the two different standard curves.

Table 4 concentrations of Duplex DNA solutions by phosphate analysis
Duplex

(DNA]! pM

Stdev

%error

&uG1lDI ! M-l em-J

GC

159
157
198
205
96

11
9
17
13
12
15

6.7%
6.0%
8.7%
6.3%
8.3%
5.2%

157628
132271
152914
126029
185008
191521

~c

Mc6SGC

GT
6SGT
~T

88

Extracting van't Hoff th ermodylUlmic paTaltU!terS
The association-dissociation equilibrium for DNA duplexes was monitored using
UV-Vis spectroscopy. The resulting curves of absorbance vs. temperature directly depend
on the concentrations of duplex vs. single strand at any given temperature. Melting
profiles were analyzed using a modification of the method developed by Breslauer et al
(3). A typical melting profile is shown in Fig. 20 below.

single strand
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T
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Figure 20: (a) A typical absorbance-vs.-temperature melting curve. where x is the distance from
upper base line to curve and y is the distance from curve to lower base line. (b) a. plot derived
from (a) as described in the text.

For small DNA duplexes melting can be assumed to be an aU or nothing process, that is,
DNA is either single strand or duplex fonn and melting occurs in one step. If one assumes
that the change in absorbance of duplex with temperature is compensated for by the
change for single strand then the fraction of single strands that are in the duplex slate at a
given temperature can be expressed as a. = x I(x + y) and the melting temperature Tm is
obtained as the temperature when a. = 0.5 (Fig. 20b)
Since this transition equilibrium is affected by concentration, the Too thus obtained
has a concentration dependence in accordance with Le Chattier's principle such that
higher concentrations of DNA will require more thermal energy to reach Too. Consider the
equilibrium for two single strands associating to form one duplex molecule:

The equilibrium constant (14'1) for this transition is given by
(i)

42

and assuming that $1 and $2 are present in equal concentration, then we can express aU
the concentrations above in terms of the total concentration of single strands in solution
(CT). Thus at a given temperature we have

(ii)

[Sd == [S2] == (1 - a)(CT/2)

(iii)

Substituting (li) and (iii) into (i) gives
K ==
eil

a(C r /2)
==
a(Cr 12)
[{1- a)Cr 12]" [(1- a)Cr 12] [(1- a)CT 12)2

(iv)

Taking the melting temperature to be when a == 0.5 in the above expression [Eq. (lV)]
gives:

K = (l/2)(C r 12) =
e;q

[(1/2)C r 12J2

1
(1/2)(Cr 12)

=_4

(v)

Cr

For any equilibrium, 6.G = -RTln K-eq and in the case of the melting transitions then:
6.G = -RTm In Keq
and also 6.G = !iH- T t!.S such that at the melting equilibrium we have:
~G=LVf-

TmM

Equating the two expressions of 6.G at the melting temperature gives:

-RTm In ~ =!1H- Tro tlS

(vi)

and substituting Eq. (v) into Eq. (vi) gives:

and rearranging the equation gives:
_1 =~lnC +LlS-Rln4

T
'"

MI

T

MI
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and thus a plot of 1/Tm vs.

tn Cr is a linear plot with slope ~ and intercept
Mf

LlS - R In 4 (Fig. 21).
Mf

•


E
~

S!ope=

....

Interceot =

R

Mf

6S-RIn4
Mf

In(c,.)

Figure 21: van't Hoff plot for concentration dependence of Tm. Cr total is the concentration
of single strands in solution.

Melting Temperatures
Melting temperatures were detenmned as described above and four experimental

Tm's were averaged to detennine the Tmfor a given duplex at a particular concentration.
The a-plots for the melting transition at -6 JIM concentration are shown in Fig. 22 below
for comparison.
Tm values calculated at 6 JIM duplex concentration are summarized in Table 2
below. The values indicate that all the altered duplexes have decreased stability compared
to 1.2 duplex that contains the normal Watson-crick G.e base pairing.
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Figure 22: a plots for melting profiles obtained in phosphate buffer (10 roM polo, 100 roM
NaCl, I mM EDTA, pH = 6.8-7.2). Temperature ramp: 5 De  55 °e in 1 DC steps, 60 s
equilibration time at each temperature. A) G.e duplex, (B) 6SG.c, (C) G.T, (0) 6SG•T (E)
Me6SG.e and (F) Me6S0.T

Table 3: Summary ofTm. values for duplexes compared to the duplex with normal
Watson-erick GC base pair.

Duplex
GC
GC
Me6S
OC
6S

43.8(2)
40.1(3)
28.2(5)
31.2(2)
30.1 (4)
24.3(7)

3.7
15.6
12.6
13.7
19.5

·compared to duplex (wilh normal G C base pair)

The value for the G. T mismatch is depressed by 12.6 °e and may indicate the presence of
Wobble base pairing (Fig 23), which affords only 2 hydrogen bonds compared to three in
pairing with

e.
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Figure 23: Wobble G.T base pair

Values for duplexes containing 6SG have Tm depressed by 2-3 °c compared to the
corresponding values for duplexes containing G. This suggests that unlike what theory
may predict, the thennal stabilities for duplexes containing 6SG is comparable to that for
the G-containing duplexes. This also strongly suggests that the source of thermal
destabilization for the 6SG•I mismatch is similar to that in the G.T mismatch when
compared to duplexes with 6SG.C and G.C pairing respectively. In addition, the similarity
in the difference between the corresponding duplexes containing 6SG vs. G (~Tm = 3.7 °c
for G.CI 6SG.C and 1.1 °c for G. II 6SG •T) indicates that the 6SG.T mismatch is not
stabilized compared to the G. T mismatch as would have occurred if 6SG was in the thiol
fonn as predicted by theoretical calculations (21) and experiments with isolated 6SG (l0).

Tm values for duplexes with Mc6SG are depressed by at least 15°C in both cases, which
means that these duplexes are significantly less thermally stable compared to either G or
6sG-containing duplexes. This may indicate that the presence of the S6-methyl introduces
hydrophobic interactions within the hydrogen-bonded interior of the double helix. Thus,
increased hydrogen bonding distances may be present even in the neighboring bases.
Comparing the Me6SG.C to the Me6SG.T mismatch> the results suggest that thermal

destabilization is probably due to a similar effect in these two duplexes and is different
from thermal destabilization in duplexes containing 6SG. A possibility is that in the case
of 6S G, both Watson-Crick and wobble base pairing are present and the observed lower
Tm is due only to the increased radius and reduced electronegativity of S. In the case of
Me6S G ,

presence of a methyl group could prevent Watson-Crick hydrogen bonding

interaction (Fig. 24) as was shown to be the case for 06-methyl guanine, where only one
H-bond is possible with T (19).

b

Figure 24: Possible (a) wobble Me6SG.c and (b) Me6sG_T interactions in solution, only
one H- bond is possible due to the stearic interactions involving methyl group(l9)

It is also possible for the Me-group to point away from the opposite base in which case
wobble base pairing may be possible with C and a Watson-Crick type interaction with
two hydrogen bonds is possible with T. Another factor contributing to the destabilization

is that methyl hydrogens are always out of the plane of the DNA base, which results in
expansion of the base stacking distances, and this may be the most important contributor
to the destabilization in both duplexes.
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Van't Hoffthermodynamic parameters
Thennodynamic properties of DNA are affected by three main interactions to give
the overall free energy change of the transition from duplex to single strands at elevated
temperatures. The free energy change associated with foonation of a single base pair is
negative due to the fonnation of hydrogen bonds between the bases (3). Thus for a
duplex, one expects a positive free energy change in going from duplex to single strand.
The first considerations are that of the DNA internal make up, which is made up of
hydrogen bonding and base stacking interactions. Since the G.C base pair is held together
by three hydrogen bonds and A.T by only two, duplexes with higher G.C proportion will
have a higher free energy change. Similarly, duplexes in which the hydrogen bonding
interactions are disrupted would have a lower ~G for melting transitions. The final
consideration of the DNA molecule is the phosphate interactions. Phosphates are
moderate acids and at physiological and experimental pH's they are ionized giving a net
repulsion within the DNA backbone (17). This repulsion is counteracted by the presence
of cations, mainly K+ in cells and Na+ in the experimental buffer used. Thus the
separation of the phosphates in the DNA structure as well as salt concentration will affect
the overall free energy change. The second consideration is that of the solvent, which
consists of solvation of the DNA strands as well as salt interactions as mentioned above.

In our case solvation of DNA may play an important role in affecting ~G since 06 in
case of G and S6 in the case of 6S G and MeS6 for

Me6SG

are solvated considerably

differently by water molecules in solution as predicted by theoretical calculations for 06
vs. S6 (20).
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A summary of the van't Hoffthennodynamic parameters for the duplexes is given
below in Table 4 with a comparison to the G.e duplex.

Table 4: Summary ofvan't Hoff Thennodynamic parameters

GC
6SGC
Mc6SG C
GT
6SGT
Me6SGT
a

MG wH°ZS

~

-127

-1.8

11.3(3)

30
-28

14
-98

25.9
1.2

165(5)

8.9(4)

34

102

3.6

270(9)

-12.5(8)

24

-3

25.0

f1Gvll°zs
kc.allmol

267(5)

12.5(3)

132(2)

394(9)

14.3(4)

62(3)
120(2)

253(5)
365(8)

-13.4(5)

58(2)
68(7)

kcal/mot
92(2)

o

a

MSvH
b
callmol

f1S vll°
calJmol

AH vll°

Duplex

f1AB ..H

kcal/mol

b

kc:aUmol b

Vcl.Iues are per trol of duplex melting. Values were obtained using concentration dependence of

melting equilibrium

bMOivfrs,,'Ho,G,-a°)dllDb = f1CHvH°,SvHo, Gvl/)d\lll1a - f1CHvH o.SvHo,G..H)G-Cd",b

Results show that at 25 °e the ~GvH for the transition is highest for 6SG.e duplex
followed by G.C duplex and is negative for the duplexes containing Me6SG. For the 6SGeC
we see that enthalpy of transition is higher compared to G.e and the lower melting
temperature of the former is due to larger entropy ofrransition. which dominates LlG
above 40

ac. This may suggest that the 6SG.e base pair may in fact have similar

thermodynamic stability compared to G.e at physiological temperature, contrary to
predictions from theoretical considerations (21). The higher enthalpy of melting may
result from the 56 in 6S G being less efficiently solvated in the single strand compared to

06 in G and possibly increased base stacking energy in the 6SG.C duplex. For the G.T
and 6SG•T mismatches, ~G is below that of the corresponding duplexes showing that the
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mismatches are destabilized at 25

0c. Inspecting the Mf and ~S however gives opposite

trends which may suggest that the source of destabilization may be different in these two
duplexes, for example solvation may playa larger role in one but not in the other. Also
judging from the general trend for the duplexes it appears that the values for G. T
mismatch may be off possibly due to error in concentration determination as the
extinction coefficient may suggest llG values for duplexes containing Me6SG are similar
and negative at 25 °C, which suggests that these duplexes prefer to be in the single strand
state at this ternperatw"e. For both Me6SG.C and Me6sG.T, MI is much lower than that of
either G.C or 6SGeC whereas 6S is comparable to that of the G.C duplex. This supports
the fact that duplexes containing Me6SG are thermodynamically destabilized significantly
compared to unmodified duplexes due to the presence of a methyl group, which may
disrupt both base stacking interactions between neighboring bases and hydrogen bonding
interactions between base pairs (19,23). In addition distortion oftbe DNA duplex
backbone may give rise to unfavorable phosphate interactions, which further destabilize
these duplexes.
In summary, the results obtained here suggest that duplexes containing 6SG may
be similar in structure and stability compared to duplexes with unmodified G whereas
duplexes containing Me6SG are considerably destabilized.

Signijiconce ofResults
The results obtained here do not give a clear picture of what might be the source
of destabiuzation of duplexes containing the modified bases 6SG and Me6SG since one
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cannot resolve contributions of solvent, base-stacking, and electrostatic interactions. This
study, however, suggests what might be going on at the molecular level for the
cytotoxicity associated with administration of 6s0 or its prodrugs. The results are
consistent with the observation that incorporation of 6SG does not introduce significant
destabilization of the DNA duplex (20). In addition the fact that destabilization is due to a
higher entropy of melting may be consistent with the fact that theoretical calculations
predict a significant difference in the fIrst hydration shell of S6 in 6SG compared to 06 in
G (20). In effect, this suggests that incorporated 6S0 may act via alteration of DNA
protein interactions (2, 11,22) or that miscoding ofT opposite 6S0 may be an important
step rather than direct destabilization of DNA duplex (19).
The destabilization of duplexes containing Mc6S0 on the other hand is significant
compared to those containing unmodified 0 or 650. This may mean that duplexes
containing Me65G are destabilized enough to directly affect nonnal nucleic acid functions,
which may mean that methylation is a key step in the biological action 0[ 650. In
addition, the similarity between Mc6SG·C and Mc6SO·T suggests that rniscoding ofT
opposite Me6S0 may not be a required step for the biochemical effect to occur. This may
be consistent with the discovery that hMutSa., the human mismatch binding protein dimer
binds to Me6Sa.C base pair when in sequence with a C 5' to the modified guanine
(5'

-eMc6S G -

3') (23). And since CpO sequence is associated with gene silencing and

transcription, binding ofhMutSa. to 5'_Cp Me6S0 may affect key gene functions and this
may trigger events leading to cell death. Thus sequence dependence, which is not
considered here, may play an important role in the effect of 6SG and Mc6S0 in cells and as
such may be an important area of expansion for this project
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Conclusions:
To understand the effect of 6SG on stability of DNA duplexes, thennodynarnic
parameters were obtained for a series oligonucleotides containing 6SG-C,

Me6S G ·C

and

G·C base pairs as well as the corresponding G·T mismatches. Results show that the
presence of S6 in place of 06 in

6SG

leads to a small destabilization of the DNA duplex.

On the other hand, incorporation of Me6SG leads to more significant destabilization of

DNA duplex. Although it is difficult to resolve the various interactions that give rise to
observed free energy change for the melting transitions, general ideas can be drawn form
the results of this project. The destabilization of duplex by incorporated 6SG is dominated
by entropy of melting rather than the enthalpy, which may suggest that base stacking and
solvation effects playa larger role than disruption of hydrogen bonding. The enthalpy and
entropy of transition for duplexes containing Me6SG is very similar, which suggests that
destabilization in these duplexes may be due to a significant disruption of DNA structure,
possibly including hydrogen bonding, base stacking and phosphate interactions of the
DNA backbone.
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Future Work:
Several investigations need to be carried out before results reported here are used
to make conclusions on the role of 6S G in the cytotoxicity pathway for anti-tumor agents.

It is clear that resolving the different interactions that give rise to observed stability for
DNA duplexes using melting temperature alone is not possible, hence combining this
research with studies such as NMR on the same duplexes is necessary. Also, since the
thermodynamic parameters obtained here are model dependent, it is necessary to obtain
data on these duplexes from an independent experiment Differential scanning
calorimetry (DSC) is one possibility that is being considered and has the advantage that it
gives model-independent data. A combination of these studies may give a clearer
understanding of the changes in structure of DNA containing the altered bases

6S G

and

Me6SG.
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